A rodent's survival depends upon its ability to perceive odor cues necessary to guide mate selection, sexual behavior, foraging, territorial formation, and predator avoidance. Arguably, the need to discriminate odor cues in a complex olfactory environment requires a highly adaptable olfactory system. Indeed, it has been proposed that context-dependent modulation of the initial sensory relay could alter olfactory perception. Interestingly, 40% of the adrenergic innervation from the locus coeruleus, fibers that are activated by contextual cues, innervates the first relay station in the olfactory system (the main olfactory bulb). Here we utilize restricted pharmacological inhibition of olfactory bulb noradrenergic receptors in awake-behaving animals. We show that combined blockade of ␣ and ␤ adrenergic receptors does not impair two-odor discrimination behavior per se but does impair the ability to discriminate perceptually similar odors. Thus, contextual cues conveyed by noradrenergic fibers alter processing before the second synapse in the olfactory cortex, resulting in tuning of the ability to discriminate between similar odors.
Particularly intriguing, but poorly understood, is the potential role of adrenergic modulation of the main olfactory bulb (MOB) in adults. The MOB receives strong innervation from the locus coeruleus (LC)-noradrenaline (NA) system, and in rodents ∼40% of LC fibers target the MOB. The fibers are known to be densest in the internal plexiform and granule cell layers, less dense in the external plexiform layer, and sparse in the glomerular layer (McLean et al. 1989) (Fig. 1) . Both ␣ and ␤ adrenergic receptors are expressed by cells in the MOB (Pieribone et al. 1994; Woo and Leon 1995; Day et al. 1997) . Current evidence suggests that the LC-NA system has a behaviorally meaningful role within the MOB of adult animals engaged in olfactory learning tasks. There is a modest but reproducible release of NA in the MOB during operant conditioning in adult mice (Brennan et al. 1998 ). In addition, detection of the rewarded odor, presumably relayed from the prefrontal cortex to LC, triggers a brief phasic increase in firing of LC neurons (Bouret and Sara 2004 ). Gray and coworkers also find that the topical application of propranolol, a ␤ adrenergic antagonist, to the MOB abolished changes in ␥ frequency (40-100 Hz) oscillations in the local field potential elicited by the rewarded odor in an odor discrimination task (Gray et al. 1986 ). The modulation of odor-induced local field potential oscillations has been postulated to play a role in olfactory learning (Martin et al. 2006) . Surprisingly, although the adrenergic effect on odor-induced changes in local field potential oscillations found by Gray and coworkers was robust, propranolol did not change the ability of rabbits to discriminate between odors. Data presented in this paper provide an explanation for the paradoxical observation of Gray and coworkers, as we show that blockade of both ␣ and ␤ adrenergic receptors in the MOB is necessary to attain a change in the ability of mice to learn to discriminate between perceptually similar odors.
Results
To examine the behavioral consequences of adrenergic modulation of main olfactory bulb function, we injected adrenergic antagonists bilaterally in the MOB of adult mice prior to performance of a go-no go discrimination task. For the task, mice were trained using water reinforcement to respond by licking a water delivery tube in the presence of one odor (Odor A) which is followed by a water reward and to inhibit licking in the presence of a different odor (Odor AB) which is unrewarded. Figure 2A (black curve) shows the performance of a saline-injected animal in a go-no go task where the mouse was asked to discriminate between propyl acetate (A, rewarded) and a 1:1 mixture of propyl acetate and ethyl acetate (AB, unrewarded) ("Acetate" odor pair). Figure 2A also illustrated the effect of treatment with adrenergic antagonists on the discrimination of the acetate odor pair. Early learning preference, a simple exclusively neonatal form of learning, was shown to be blocked by treatment with ␤ adrenergic inhibitors (Sullivan and Wilson 2003) . In contrast, we found that injection of the general ␤ adrenergic receptor antagonist alprenolol (28 nmol per bulb) did not impair the ability of adult mice to discriminate the acetate odor pair. The NIV for alprenolol, a measure of the number of trials until discrimination (see Materials and Methods, "Experimental Design"; Fig. 8, below) , did not differ statistically from the saline control (P = 0.999) ( Fig. 2A) . Although this result would be unexpected in the context of neonatal early learning preference, it supports studies indicating that the ␤ antagonist propanolol does not affect odor detection in adult rabbits (Gray et al. 1986 ). Experiments in MOB slices, neuronal cultures, and anesthetized animals found ␣ adrenergic modulation of neuronal excitability and synaptic function in the MOB (Trombley 1994; Mouly et al. 1995; Ciombor et al. 1999; Hayar et al. 2001 ). In our experiments, the learning curve for mice injected with the general ␣ adrenergic receptor antagonist phentolamine (28 nmol per bulb) did not differ from the saline control (NIV values did not differ significantly P = 0.999, Fig. 2A) .
Interestingly, however, injection of both phentolamine (␣) (28 nmol) and alprenolol (␤) (28 nmol) blocked discrimination of the acetate odor pair (P < 0.0001) ( Fig. 2A, blue trace) . The blockade of signaling through the ␣ or ␤ family receptors alone had no impact on the discrimination while blockade of signaling through both families completely blocked the discrimination. This implied that intact signaling through either of the adrenergic receptor families was sufficient for discrimination of the ac-etate odor pair. This suggested a convergent functional role of ␣ and ␤ adrenergic modulation in the MOB for this discrimination task.
To determine if the behavioral consequences varied between odor pairs, we tested mice that received either saline or combination injection with odor pairs varying in chemical similarity. Figure 2B -D shows the outcome of these tests for the three other odor pairs used in this study: Alcohols, 1-heptanol (A) versus 1-heptanol + 1-octanol (AB); Ketones, 2-heptanone (A) versus 2-heptanone + 3-heptanone (AB); Acid and Aldehyde, propionic acid (A) versus propionic acid + benzaldehyde (AB). The chemically similar alcohol odor pair did not differ in NIV values from the acetate odor pair for either the saline or combination curves (P = 1, P = 1) (Fig. 2, cf. A and B) . The alcohol odor pair's saline curve did significantly differ in NIV value from its combination injection curve (P < 0.0001). Yet, when another odor pair that also seemed chemically similar was tested, there was no statistical difference between the NIV of the combination and salineinjected groups (P = 0.622 for ketones) (Fig. 2C) . When a fourth odor pair was tested which was chemically dissimilar, there was also no statistical difference between the NIV of the combination-and saline-injected groups (P = 0.833 for acid and aldehyde) (Fig. 2D) . The outcome of the ketone and acid + aldehyde odor pairs served as a control for many potential confounding issues. The results indicated that the behavioral outcome of joint adrenergic antagonism is odor-pair dependent, thus, ruling out nonspecific effects. These data also indicated that olfactory information is passing through the MOB with sufficient fidelity to complete the olfactory task despite blockade of adrenergic signaling.
The impairment of discrimination by the combination injection roughly correlated with the degree of chemical similarity of the odor pairs and possibly their perceptual similarity. In order to determine the perceptual similarity of A to AB for each of the four odor pairs used in this study, a modified go-no go task was used to determine an odor similarity index (OSI) (Fig. 3) . Six C57BL/6 mice were used to sequentially test the four odor pairs for perceptual similarity in the following order: acid + aldehyde, ketones, alcohols, and finally the acetates. After completion of perceptual similarity testing for the four odor pairs, the original odor pair (acid + aldehyde) was retested. A mixed analysis of variance yielded a significant effect of odor pair on similarity index (F (4,20) = 30.65; P < 0.0001). Post-hoc tests indicated that the acid and aldehyde OSI value obtained in the initial odor similarity test was not significantly different from the OSI of the same pair retested at the conclusion of the perceptual similarity tests (P = 0.99). This control indicates that the difference in OSI values between odor pairs was not a result of the order in which they were tested.
The results of the perceptual similarity test illustrated that the acid + aldehyde pair as well as the ketone pair have low OSI values, indicating that they were perceptually dissimilar odor pairs. The high OSI values shown for the acetate + alcohol odor pairs indicated that they were perceptually similar odor pairs. The acid + aldehyde pair's OSI did not significantly differ from (McLean et al. 1989; Shepherd et al. 2004 ). On the far right side, geometrical objects illustrate olfactory percepts in the olfactory cortex. (B) On the far left, the activation matrix displays squares representing molecular features for odor A and the mixture A + B for dissimilar (D) and similar (S) odor pairs. The unique 3D shapes representing the perceived odor objects illustrate the outcome of bulbar and cortical processing ("Percepts"). The odor objects within the "naïve" circle represent odor objects for similar and dissimilar odors as perceived after novel odor application before learning in the go-no go task. The "shapes" of the odor objects change after training, illustrated by the odor objects in the "trained" rectangle. The transition from naïve to trained shapes illustrates how the similar odor objects (A and A + B) diverge in shape during the discrimination task (Linster et al. 2002) . In this paper, we present data that indicate NE signaling within the MOB is involved in the process of modifying the odor object to facilitate discrimination.
the OSI of the ketone odor pair (P = 0.494). The acetate pair's OSI did not significantly differ from the OSI of the alcohol odor pair (P = 0.96). The acid + aldehyde as well as the ketone odor pair did significantly differ in OSI values from both the acetate + alcohol odor pairs (P < 0.0001 for all). These results allowed us to group the four odor pairs in one of two perceptual categories: Similar (acetates and alcohols) and Dissimilar (acid + aldehyde and ketones). Therefore, the differences observed in NIV values in Figure 2 for the combination injection between odor pairs can be explained by the perceptual similarity of the odor pairs. The differences in NIV values between the similar vs. dissimilar odor groups receiving the combination injection were all statistically significant (P < 0.0001 for all). Interestingly, the NIV values did not differ significantly between the four odor pairs in the salineinjected groups. For the range of perceptual similarity represented by our four odor pairs, and under this particular behavioral paradigm, the number of trials to reach criterion was not affected. In the field of olfaction it is often assumed that differences in perceptual similarity always correlate with an increased number of trials to discrimination. According to our data, this assumption was incorrect. Figure 4A illustrates how mice from Figure 2A performed on the acetate odor pair 48 h after their initial drug injection training. The saline-injected animals had no trouble continuing to discriminate the acetate odor pair. Likewise, animals that had received either alprenolol (P = 0.9982) or phentolamine (P = 0.9955) showed no memory deficits in the ongoing odor discrimination in comparison with the saline group. Mice that received the combination injection did not reach criterion during the 200 trials of the initial training session, so they were not given a memory test. Instead, these mice received odor discrimination training 48 h after their failed initial training, and they were able to complete the discrimination normally.
When animals that had not received a treatment during the initial learning of the acetate odor pair were injected 48 h later with the combination prior to the memory retest, the combination injection had little impact. The NIV for combinationinjected animals continuing to discriminate the acetate odor pair differed significantly (P < 0.0001) from animals receiving the combination injection prior to the initial acetate discrimination session (Fig. 4B ). These results implied that the necessary NA modulation that occurred in the initial learning trials remained intact in some fashion allowing the animal to continue discriminating the learned odor pair even in the absence of NA signaling. These data are consistent with findings in neonates which showed that NA was necessary for odor memory acquisition but not required for memory expression (Sullivan and Wilson 1991) . The results are also in line with previous LC activity experiments that show phasic bursts by the LC elicited by the rewarded odor become weaker or absent altogether after the odor discrimination has been learned in adult animals (Sara and Segal 1991; Bouret and Sara 2004) . This experiment also serves as a control, demonstrating that the combined alprenolol/phentolamine injection into the bulb does not impair information flow through the bulb.
At this stage, control experiments were necessary to confirm that the effects we observed were due to antagonist action at the intended target receptors within the main olfactory bulb only. Controls were also done to verify that the volume and concentration of drugs used was not excessive. First, the performance of saline-injected animals did not differ statistically from littermate controls that were not surgically implanted with cannulae (P = 1) (Fig. 5A) . Therefore, the implanted cannulae, puncture of the main olfactory bulbs by the injection needle, and the bilateral 2-µL saline injection had no detectable impact on the behavior. This was consistent with the studies of Slotnick and coworkers showing that only major lesions encompassing Ն80% of the MOB led to deficits in odor discrimination (Lu and Slotnick 1998) .
To determine if the injected antagonists were within the appropriate concentration range, we injected one-quarter (7 nmol) of the normal combination concentration and tested the animals on the alcohol odor pair. Animals receiving the quarter concentration injection did not differ statistically from the saline-injected group in their NIV values (P = 0.987) (Fig. 5B,C) . This mini-dose response curve indicates that the alprenolol and phentolamine concentrations used did not greatly exceed the minimal concentrations necessary to perturb the behavioral task. Fig. 2A were retested 48 h later for memory of the acetate odor pair discrimination task (no drugs or saline were injected in this memory retest). Mice receiving saline (black), alprenolol (red), or phentolamine (green) treatment in the previous go-no go session were all able to retain the ability to continue the discrimination. (B) Group of animals that received no treatment for the acetate odor pair and successfully completed the discrimination received a combination injection (orange) immediately before the memory retest. The combination injection did not impair the ongoing discrimination, and the NIV was significantly different (P < 0.0001) from the group of animals receiving the combination injection during the initial acetate learning session (blue in B; also shown in Fig. 1A ). Error bars represent the standard deviation (n = 6). . Differences in the behaviorally determined perceptual similarity index for each odor pair. The four odor pairs fell into one of two groups, low or high odor similarity index (OSI) values, which corresponds to perceptually dissimilar or perceptually similar, respectively. "PA & B" is short for the propionic acid + benzaldehyde odor pair, and "PA & B Retest" is the propionic acid + benzaldehyde odor pair that was retested for similarity after completion of the initial four odor pairs. Error bars represent the standard deviation (n = 6). In order to confirm that phentolamine and alprenolol caused blockade at the ␣ and ␤ adrenergic receptors only, ruling out off-target effects, we used selective antagonists with chemical structures that varied from the original antagonists. To control for any nonspecific activity of alprenolol, we co-injected selective ␤1 and ␤2 antagonists (CGP-20712A and ICI-118551) with the general ␣ blocker phentolamine (Fig. 6A) . To evaluate phentolamine, we co-injected the selective ␣1 and ␣2 antagonists (terazosin and yohimbine) with alprenolol ( Fig. 6B) . In both cases, the NIV of the selective combination injection was not significantly different from the normal combination injection (P = 1) and was significantly different from the saline-injected group (P < 0.0001). These results indicated that the data shown in Figure 1 were the result of blockade at the ␣ and ␤ adrenergic receptors.
Although directly injected into the main olfactory bulb, the antagonists may have diffused and acted at NA receptors located elsewhere in the brain to cause the observed behavioral perturbations. To confirm that the behavioral impairments were the result of antagonist action within the MOB, we injected l-[4,6-propyl- High concentrations were attained in a sphere surrounding the injection site with a drop in concentration of two log units after a radial distance of ∼1 mm from the injection site (Fig. 7Ai) . This diffusion pattern combined with an injection site in the center of the bulb ensures that high concentrations of antagonist were attained throughout the granule and mitral cell layer which corresponds with the area of heaviest innervation by LC. Concentrations fell rapidly outside this sphere of diffusion to a sustained background level of concentration seen throughout the rest of the brain and body of the animal (Fig. 7Aii,C) . Our measurements of diffusion with [ 3 H]DHA indicated that the alprenolol that did not diffuse into the MOB rapidly crossed the bloodbrain barrier and was then diluted into the liquid volume of the rest of the body. In fact, the large concentrations observed in the kidneys (Fig. 7C ) indicated that the drugs were rapidly being filtered and excreted.
At this stage, we performed a control that to our knowledge has never been performed for injection in vivo pharmacology experiments. We mimicked the background levels of alprenolol and phentolamine found outside of the MOB by injecting the antagonists intraperitoneally prior to the alcohol odor pair task.
This was done to rule out the possibility that the low, background level of antagonist found in the rest of the brain was responsible for the behavioral perturbations instead of the high concentration achieved in the MOB. (Fig. 7,cf. Aii and D) . Due to their chemical similarity, phentolamine and alprenolol likely share a similar pattern of bioavailability; we therefore estimated the phentolamine dose to be 4 mg/kg, given its larger molecular weight. The group receiving the combination IP injection did not differ in NIV significantly from the saline group (P = 0.995) (Figs. 2B, 7E ). These results indicate that impairment of the discrimination task was not the result of the low-level concentration observed in the rest of the brain and suggests that the results presented in Figure 2 represent drug action within the MOB.
Discussion
The experiments presented here are the first to demonstrate an overlap in the behaviorally determined roles of ␣ and ␤ adrener- Figure 6 . Learning curves for the alcohol odor pair following saline, normal combination and two selective antagonist combination groups. (A) Learning curves for the selective ␤ antagonists (CGP-20712A and ICI-118551) combined with phentolamine (brown) are shown along with the learning curves for normal combination (alprenolol/phentolamine) injection (blue) and the saline control (black). The NIV of the selective ␤ combination injection was not significantly different from the normal combination injection (P = 0.576) and was significantly different from the saline-injected group (P < 0.0001). (B) Selective ␣ antagonists (terazosin and yohimbine) combined with alprenolol (brown) shown alongside normal combination (blue) and saline (black) learning curves. The NIV of the selective ␣ combination injection was not significantly different from the normal combination injection (P = 1) and was significantly different from the saline-injected group (P < 0.0001). Error bars denote standard deviations (n = 6). gic modulation of main olfactory bulb function in adult animals. Coinjection of both ␣ and ␤ adrenergic antagonists to the MOB abolished discrimination of perceptually similar odors. In contrast, we find that adrenergic antagonists do not affect discrimination of odors differing substantially in perceptual similarity. Interestingly, only the joint application of ␣ and ␤ antagonists had an effect on odor discrimination, implying an overlap in the functional roles of the ␣ and ␤ adrenergic pathways in the MOB. Thus, the behavioral relevance of adrenergic modulation within the MOB is subtle (odor-pair dependent) and implicates both ␣ and ␤ adrenergic receptor signaling pathways. Our results provide a behavioral context within which to interpret previous and future experiments that examine NA modulation of MOB networks and MOB component cells derived from adult mammals.
How could adrenergic modulation of main olfactory bulb function affect odor discrimination?
The main olfactory bulb of rodents contains inhibitory circuitry thought to improve odor discrimination analogous to the contrast enhancement achieved in the retina (Shepherd et al. 2004 ). In the retina, the visual world is mapped onto a two-dimensional neural network representation of visual space in which a centersurround inhibitory network provides optimal contrast enhancement in all visual scenarios. In contrast, the MOB must convert high-dimensional olfactory space into a two-dimensional map of neural activity at the glomerular layer of the MOB. Although the positional relationships of glomeruli responding to different odor features appear to be fixed, behaviorally relevant odors and odor background can change. For this reason, no hard-wired lateral inhibitory circuit will provide optimal contrast enhancement in all olfactory scenarios. Therefore, the inhibitory network of the mammalian retina is self-regulated while the corresponding network in the MOB must undergo learning-related plasticity to maintain functionality (Kay and Sherman 2007) .
Although not entirely understood, the modulation of main olfactory bulb inhibitory circuitry by centrifugal fibers likely improves the contrast enhancement between dimensions of olfactory space that are behaviorally relevant. Evidence illustrating the power of the MOB's inhibitory network to shape M/T cell output comes from a study by Kadohisa and Wilson (2006) , in which they show that mitral cell output resulting from an odor stimulus is more often than not suppressed when an additional odor molecule is added to the stimulus. Convergence of information from multiple M/T cells in the olfactory cortex is thought to result in the synthesis of a single perceptual construct. The perceived "odor object" is likely represented by the ensemble of activated neurons within the olfactory cortex ( Fig. 1 ) (Haberly 2001; Wilson and Stevenson 2003; Zou and Buck 2006) . The essential feature that endows the olfactory cortex with the ability to synthesize odor objects is the nonlinear addition of odorant features conveyed through convergent M/T cell input onto principal cells of the olfactory cortex. For this reason, a change in the weights of inputs or in synchronization of M/T cell firing can fundamentally change odor perception and discrimination. Therefore, adrenergic modulation of the lateral inhibitory network, excitatory properties of mitral cells, and the resultant impact on correlated firing of mitral cell ensembles could contribute to discrimination of closely related odors.
The results of this study indicate that adrenergic modulation of the MOB is necessary for discrimination of similar odors despite fully functioning downstream networks and modulatory systems. When the animals are retested 48 h after successful completion of a difficult odor pair, even during ␣ and ␤ adrenergic signaling blockade, they continue discriminating the learned odor pair. This indicates that NA is necessary for an initial and critical neural change to occur in the MOB, but once in place, NA is no longer necessary. Such a role of NA in induction, but not expression of synaptic and behavioral plasticity, has been shown in many different paradigms, from LTP to learned behavioral discrimination, including memory for odors (Berridge and Waterhouse 2003) . The initial changes to the MOB network mediated by NA during the early stages of learning are likely consolidated into a new stable version of the MOB network. The resultant alterations of the MOB network constitute a memorynot a memory of the odors' behavioral meaning but a memory of optimal network properties for discrimination of the learned odor pair.
Role of ␣ and ␤ adrenergic modulation of MOB function
Previous studies of the effect of adrenergic modulation on olfactory function in neonates found that exclusive use of ␤ adrener- gic antagonists blocked early learning preference, a form of learning where the pup learns to prefer an odor after the odor is paired with stroking (Sullivan et al. 2000) . In contrast, recent evidence has found that either ␣ or ␤ agonist infusion in the presence of an odor is capable of mimicking early learning preference (Harley et al. 2006 ). In addition, two olfactory behaviors are affected by addition of ␣ antagonists alone: the Bruce effect (pregnancy block) (Kaba and Keverne 1988) and conspecific identification (Shang and Dluzen 2001) measured by the time the subject spends sniffing or licking a conspecific. In this study, we examined the effect that an infusion of adrenergic antagonist had on mice undergoing a go-no go odor discrimination task that is mediated by the MOB. What makes the results of this study unique in comparison with previously studied chemosensory behaviors-such as early learning preference, the Bruce effect, and conspecific recognition-is that blockade of both the ␣ and ␤ receptors was required to impact behavior. Indeed, this is, to our knowledge, the only evidence in which joint ␣ and ␤ adrenergic antagonism in a specific brain area were needed to impact a behavior (Pupo and Minneman 2001) . However, given the known ␣ adrenergic enhancement of mitral cell responses to perithreshold stimulation shown by Shipley's group (Jiang et al. 1996) , a significant behavioral impact of ␣ antagonism alone could have been possible if our olfactory task utilized odors at perithreshold instead of at suprathreshold concentrations.
There is evidence that noradrenaline action through either the ␣ or ␤ receptors can alter lateral inhibition (Trombley and Shepherd 1992; Okutani et al. 1998; Zhang et al. 2003 ) and modulate mitral cell excitability through ␣ family receptors (Jiang et al. 1996; Hayar et al. 2001) , and there is indirect evidence that NA modulation may alter synchronization among mitral cell ensembles (Gray et al. 1986 ). The modulation of synchrony between subsets of mitral cells would alter the weight of their contribution to the odor object (Davis 2004) . Indeed, the coincident arrival of spikes (within 10 msec) elicits more effective stimulation of the postsynaptic neuron than asynchronous arrival (as shown in the insect mushroom body [Perez-Orive et al. 2004] and in the rodent olfactory cortex [Franks and Isaacson 2006] ).
While the current evidence suggests that signaling through the ␣ family receptors does not replicate the mechanism of action of ␤ adrenergic receptors, it is possible that they elicit similar downstream effects by affecting the weight of the inputs of M/T cells onto principal cells of the olfactory cortex. This could occur through effects on M/T excitability, lateral inhibition, and/or synchronization of firing of M/T cells. A more-detailed analysis of how modulation of neuronal activity in the MOB contributes to changes in network properties and hence to input of the olfactory cortex needs to be addressed to determine how joint ␣ and ␤ adrenergic modulation of the MOB network improves the discrimination of similar odors.
Adrenergic modulation of main olfactory bulb function taken within the context of changes occurring in the rest of the brain Given the broad projection of the LC afferents to brain areas with known critical involvement in sensory, learning, and memory tasks, it becomes important to dissociate the functional role that LC-NA system-mediated modulation has in each. Evidence suggests that the NA modulation of the auditory, visual, and olfactory system facilitates discrimination tasks by simultaneously heightening the responsiveness to relevant stimuli and suppressing the responsiveness to irrelevant stimuli. For instance, the addition of distracting visual stimuli at the choice point in a T-maze produces a greater disruption of visual system performance in NA-depleted rats (Berridge and Waterhouse 2003) . We have found a similar disruption in the olfactory system in which NA signaling blockade in the MOB significantly affects the ability of a mouse to discriminate two similar odors. Unlike other systems, we have localized NA signaling blockade to the first relay in the olfactory system (the MOB) and discovered that it is a critical site of NA-mediated modulation in the olfactory pathway. Nevertheless, it is important to remark that the MOB is not the only site where adrenergic modulation affects olfactory behavior. In the olfactory cortex, the simultaneous stimulation of LC with odor stimulation enhances neuronal responsiveness to the odor stimulus (Bouret and Sara 2002) . In addition, it is known that adrenergic modulation affects other areas of the brain involved in olfactory behavior, such as the amygdala, hippocampal areas, and the orbitofrontal cortex (Eichenbaum 1998; Rolls et al. 2003; Bouret and Sara 2004; Roesch et al. 2007 ). This suggests a complex interplay between the neuromodulatory and sensory (both primary and higher order) centers of the brain that likely enhances the difference in information content between similar sensory stimuli.
Materials and Methods

Surgery
Surgery for bilateral implantation of cannulae was performed on 8-to 10-wk-old C57/B6 mice. The procedure was modified from that of Kaba and Keverne (1988) . Animals were anesthetized with an IP ketamine xylazine injection. Cannulae were constructed from 23-gauge stainless steel tubing and implanted 0.8 mm anterior to the supraorbital vein and 1 mm lateral to the sagittal suture so that the end of each cannula was overlying the middle of the dorsal surface of the olfactory bulb. Cannulae were fixed in place with stainless steel skull screws and dental acrylic. Cannulae were sealed with custom 30-gauge stylets. After animals recovered from surgery (∼2 wk), behavioral training began following water deprivation to 80%-85% of predeprivation body weight.
Odor discrimination test
For behavior tests, the olfactometer and instrumental conditioning methods described by Slotnick and Restrepo (2005) were used. Briefly, mice were trained using water reinforcement to sample a 2.5-sec stimulus presentation and respond by licking a water delivery tube in the presence of an odor (S+) and to inhibit responding in the presence of a different odor (S‫.)מ‬ There is a 6-sec timeout after each trial, during which the animal is unable to initiate a new trial. After this timeout period, the animal is able to initiate a new trial, meaning intertrial intervals are determined by the animal but are at least 6 sec in duration. All mice were trained on 0.1% limonene (v/v in mineral oil) versus mineral oil alone in an automated go-no go odor discrimination task. Waterdeprived mice were trained to distinguish the water-rewarded odor (limonene, S+) from the unrewarded odor (mineral oil, S‫)מ‬ by their licking response. All animals were able to discriminate between limonene and mineral oil (data not shown). The animal's performance was evaluated in blocks of 20 trials (10 S+ and 10 S‫מ‬ trials presented at random). Each block's percent correct value represents the percent of trials in which the odors were identified correctly (Fig. 8) . The initial training served to acquaint the animals with procedures in the go-no go task. Once animals learned to discriminate limonene from mineral oil, they were ready to receive drug injections and be tested in the same go-no go paradigm with novel odor pairs.
Odor pair selection
In order to make the odor discrimination task more difficult, we asked mice to discriminate between odor mixtures (Stevenson 2001) . Odor mixtures have been employed in two recent studies of the speed of olfactory processing (Uchida and Mainen 2003; Abraham et al. 2004 ). In our behavioral paradigm, the animals learned to discriminate between odor A and a 1:1 mixture of odor A and odor B at an overall concentration of 0.1% by volume in mineral oil. Importantly, estimation of air odor concentrations (Cometto-Muniz et al. 2003; Slotnick and Restrepo 2005) indicates that odor concentrations were well below trigeminal thresholds for mice (Schaper 1993) . Odor concentrations were at least 10 times greater than detection thresholds, indicating that the odor pairs were not at perithreshold concentrations. It is important to note that odor intensity and odor quality are not mutually exclusive and that our olfactory task does not differentiate between discrimination based on intensity, quality, or both.
Four different odor pairs were used in this study, and each pair contained a unique functional group. Two pairs differed slightly in the length of the aliphatic side chain (acetates and alcohols), one differed in the location of a ketone group on a seven-carbon aliphatic chain, and one (the aldehyde + acid pair) differed significantly in functional groups. For the two odor discrimination tests, the odor pairs were always tested in the following order (as shown in the results, these go from perceptually dissimilar to similar odor pairs): propionic acid (A) and benzaldehyde (B); 2-heptanone (A) and 3-heptanone (B); propyl acetate (A) and ethyl acetate (B); and 1-heptanol (A) and 1-octanol (B). Odor pairs were purposefully chosen to vary in the degree of chemical similarity, but we did not know a priori whether these odors were perceptually dissimilar.
Perceptual similarity test
We used the method of Kay and coworkers (Kay et al. 2006) to assess the perceptual similarity between an odor mixture (1:1 mixture of odors A and B, 0.05%:0.05% in mineral oil) and one of the components (odor A at 0.1% in mineral oil). Briefly, in an initial session we train mice on a go-no go task where odor A is the S+ (rewarded) odor and a chemically dissimilar odor (C) is the S‫מ‬ (unrewarded) odor. The odors used for C were different for each odor pair: ␤-pinene (acid + aldehyde), isoamyl acetate (ketones), kovanol (acetates), and menthone (alcohols). Once the animals had reached criterion on the go-no go task, they were switched to partial (66%) reinforcement on correct responses to the S+ and the session was continued until they reached criterion again. In a subsequent session (typically run the next day), we estimated the odor similarity as follows: Initially, the animal was retested on its performance in responding to the partially reinforced S+. Because mice were trained to respond to the partially reinforced S+ in the previous session, criterion was reached quickly in the follow-up session (typically within two blocks of 20 trials). Once criterion was reached, the unreinforced S+ trials were divided evenly between presentation of the odor (A) and the odor mixture AB, whose similarity to the odor A alone was being tested. The similarity of A to AB was estimated through an "odor similarity index" (OSI) computed as the number of responses to AB divided by the number of responses to unreinforced A.
Drug injection
Immediately prior to behavioral testing, animals received bilateral injection of a test solution under isofluorane anesthesia. The infusions consisted of bilateral 2-µL injections of the desired drug(s) dissolved in HEPES-buffered saline over 10 min. Following drug delivery, the injection needle was left in place for an additional 5 min and then removed and replaced with the cannula-sealing stylet. Animals then required 5-10 min to recover fully from anesthesia before they were placed in the conditioning chamber. After completion of the training session (∼1 h), they were returned to their home cage and retested 2 d later for memory of the learned paradigm. After the memory retest, they were placed back on water and allowed to recover for ∼3 wk, after which time they were ready to undergo another round of drug injection and behavioral testing.
Drugs used
We take advantage of the fact that there are well-characterized subtype-specific adrenergic antagonists with known specificity for the different receptor subtypes (Smith and Teitler 1999; Pupo and Minneman 2001; Baker 2005 ) that have been used in microinfusion experiments in specific CNS locations (Jones 1988; Kaba and Keverne 1988; Gulia et al. 2002; Leri et al. 2002; Stone et al. 2004; Ma and Morilak 2005) . Our use of a variety of antagonists with different specificities and structures significantly strengthens the case against nonspecific or off-target effects. Among all the drugs that we used, the only known off-target effect is the inhibition of serotonin receptors by alprenolol and phentolamine (Zhang et al. 1997) . In studies of early learning preference, serotonin has been described to potentiate the effect of NA, but it has not been found to mediate learning. This suggests it was unlikely that the effects we found were through inhibition of 5-HT receptors. We used concentrations of alprenolol and phentolamine that were used in Kaba and Keverne (1988) . The following antagonists, with nanomoles injected per bulb and the receptors they target, were used: Alprenolol, 28 and 7, general ␤ blocker; phentolamine, 28 and 7, general ␣ blocker; CGP-20712A, 8, ␤1 specific; ICI 118,551, 8, ␤2-specific; terazosin, 8, ␣1-specific; yohimbine, 8, ␣2-specific.
Experimental design
For each subject, odor discrimination was always tested with the following order of odor pairs: propionic acid (A) and benzaldehyde (B); 2-heptanone (A) and 3-heptanone (B); propyl acetate (A) and ethyl acetate (B); and 1-heptanol (A) and 1-octanol (B). Increased familiarity of animals with the odor discrimination procedure might have increased the ability of mice to discriminate the odor pairs that were tested last. However, the last two odors were more difficult to discriminate, indicating that if there was a cumulative effect of training it was not large enough to overcome the difficulty of discriminating for the last two odor pairs (Fig. 2) . Testing the odors in order should not influence the comparison among drug treatments because these effects were compared between subjects. Drug treatments for each odor were varied between subjects in a manner designed to avoid a cumulative effect of drug treatment. The standard deviations for data averaged under the same treatment condition and drug treatment were small, indicating the learning curves were the same irrespective of the sequence of treatments.
Statistical analysis
The learning curves generated in this study were compared using the area under each learning curve, which provided a good single-value summary. These values were normalized by the area under a theoretical learning curve of an animal performing the discrimination with 100% accuracy (Fig. 8) . In this paper, we refer to this number as the normalized integration value (NIV). Figure 8 . Defining the normalized integration value (NIV) for a learning curve of one animal in the saline treatment group. Each square in the curve represents the percent of the trials where odors were identified correctly within one block of 20 trials (10 S+ and 10 S‫מ‬ trials presented at random). To obtain a single number indicative of the performance of the animal in this odor discrimination task, we calculated the area under the curve (white area) and then normalized the value by dividing it by the area under the curve for a theoretical animal performing perfectly (100% correct) in all 10 blocks (gray + white area). The statistical significance of differences in NIV for different treatments was determined using a mixed-effects analysis of variance (Searle et al. 1992 ) that included all data shown in Figures 1,  3E , 5B,D, 6, and 7B. Mouse was considered a random effect, while treatment and odor pair were considered fixed effects. The mixed ANOVA was implemented by the SAS procedure MIXED (SAS Institute Inc. 2004 ). The ANOVA yielded significant effects for odor pair (F (3,26) = 24.02; P < 0.0001), treatment (F (8,26) = 29.13; P < 0.0001), and odor pair ‫ן‬ treatment (F (3,26) = 11.21; P < 0.0001). A post-hoc Tukey-Kramer test then generated Pvalues for all pairwise comparisons that are stated as the basis for various statements in the Results sections.
The statistical significance of NIV differences between the treatment groups in the memory test (Fig. 5C) were also determined using a mixed effects analysis of variance implemented in SAS. Mouse was considered a random effect, while treatment was considered a fixed effect. A post-hoc Tukey-Kramer test then generated P-values for all pairwise comparisons.
The statistical significance of differences between the perceptual similarity index values for different odor pairs (Fig. 3) was determined using a third mixed-effects analysis of variance test implemented in SAS. Mouse was considered a random effect, while odor pair was considered a fixed effect. A post-hoc TukeyKramer test then generated P-values for all pairwise comparisons. 
]DHA) tritiated alprenolol was injected bilaterally into the MOB in an identical volume, time course, and concentration, thus mimicking the experimental conditions. To determine the diffusion distance and pattern, brains were flashfrozen, sectioned at 18 µm, pooled at six sections per scintillation vial, and counted with a liquid scintillation counter (Gray et al. 1986 ). An individual 18-µm section between sets of six was mounted on a slide in order to estimate the volume of tissue in each scintillation vial. The bulbs were removed from the rest of the brain and were coronally sectioned independently. We counted radioactivity rather than performing autoradiography because this method allows for more accurate determination of rostrocaudal diffusion. Rostrocaudal diffusion was relevant to ruling out effects of the drugs on caudally located olfactory structures, such as the anterior olfactory nucleus and piriform cortex.
